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I. INTRODUCTION
The most frequent power quality disturbances which affect electrical grids include voltage sags, swells and harmonics. These disturbances have a negative impact on the electrical grid and the equipment connected to it, causing economical losses, poor efficiency and safety issues. Research efforts have been developed in recent decades to mitigate these effects using custom power devices [1] . The Dynamic Voltage Restorer (DVR) is a high-performance solution to compensate voltage disturbances in sensitive loads, providing very fast dynamics and a cost-effective solution when compared to UPS systems. The DVR is particularly suitable for short duration disturbances such as voltage sags rather than long interruptions, which require large energy storage systems. The typical configuration of a power system including a DVR is shown in Fig. 1 . As it can be seen, the DVR is connected in series between the point of common coupling (PCC) and a sensitive load. It generally consists of four different components [2] : an energy storage system or an alternative power source, a voltage source converter (VSC) which converts the DC voltage from the energy storage system to the required AC voltage to cancel out disturbances, a coupling transformer which is series connected in the line and an output filter to cancel the harmonics introduced by the PWM process of the VSC.
Regarding the control of the DVR, the simplest solution is a feedforward term based on the difference between the grid voltage and the load reference voltage. However, this solution can produce nonzero tracking errors due to the dynamics of the output filter. The performance of the control can be improved by using a closed-loop scheme to reduce the tracking error of the reference, and it can additionally include an active damping of the resonant frequency of the output filter to enhance the stability of the system. Many different closed-loop strategies for compensating voltage sags using a DVR can be found in literature. The most widely used is the proportional-integral (PI) controller in a synchronous reference frame (SRF) [3] , but recently other schemes with additional features have been proposed, such as proportional-resonant controllers [4] and repetitive controllers [5] , which can deal with harmonic compensation and avoid the requirement of a synchronization method to perform the coordinate transformations since they are implemented in a stationary reference frame. Nevertheless, the main drawback of these methods is their sensitivity to frequency variations, because the value of the grid frequency is required. Recently, a novel approach based on a generalized proportional-integral (GPI) control [6] has been proposed. This solution enhances the robustness against frequency variations. This paper is organized as follows. The DVR modeling is presented in Section II. The design procedure for the SRF-GPI and SRF-PI controllers is explained in Section III and Section IV, respectively. Section V shows the performance of the both control schemes in PSCAD/EMTDC simulations. Finally, the conclusions are given in Section VI. Although a VSC has a nonlinear nature due to its switching operation, it will be considered as a linear amplifier under the assumption of a high switching frequency [7] . In this situation, the DVR can be modeled as an ideal voltage source connected to an LC filter. Since the controllers will be implemented in a SRF, the resulting statespace model of the DVR shown in Fig. 1 is
where f L and f R are the leakage inductance and the copper losses of the transformer, respectively, f C is the output capacitor and The components sd i and sq i can be compensated by using the feedforward term
, which it is shown in the control schemes depicted in Fig. 2 and Fig. 3 . In these schemes, the transfer-function blocks for the model of the plant are
The whole system can be decoupled by using the following equations [8] :
with:
( ) Then, the generic transfer function in a d-q frame can be expressed as
with c ( ) U s being the controller output,
III. DVR CONTROL SCHEME BASED ON A SRF-GPI
CONTROLLER
The control strategy based on a SRF-GPI regulator is shown in Fig. 2 . The scheme consists of a feed forward compensation (with f 1 K = ), which speeds up the transient response and a feedback loop with a GPI controller, which reduces the tracking error of the reference. In order to design the control system, the following errors must be defined: 
From the previous expression, the error derivative can be obtained by means of an integral reconstructor [9] as shown in (12) 
A PID control law can be defined in the time domain as 
The error derivative term of (13) is generally measured, but it can also be estimated as it is done in the GPI control design methodology. The derivative term can be estimated replacing ( ) y t e ɺ by the integral reconstructor, ˆ( ) y t e ɺ . Moreover, introducing several consecutive integrals of ( ) y e t , the error due to the initial conditions and possible disturbances can be reduced. Additionally, the tracking error is improved. In the example developed in Section V, a reasonable tradeoff between tracking accuracy and implementation complexity of the controller is achieved by using three consecutive integrals. Then, the time-domain equation of the GPI controller is 5 4 3 
It should be noted that only integral terms are present in the new control law. Applying the Laplace transform, the control output is 
The closed-loop transfer function is obtained by combining (15) and (8) , which gives the following characteristic polynomial 
The design coefficients can be chosen to obtain a Hurwitz polynomial with the desired roots [10] . If the six roots are considered to be equal ( s p = ), the design coefficients can be calculated as The Bode plot for the closed-loop transfer function including the designed GPI controller is illustrated in Fig. 5 . 
IV. DVR CONTROL SCHEME BASED ON THE SRF-PI CONTROLLER
The control scheme based on a SRF-PI regulator is shown in Fig. 3 . Similarly to the scheme presented in Section III, this one includes a feedforward action (with f 1 K = ) [3] and a feedback loop in which a PI controller is used in a SRF.
The closed-loop transfer function can be obtained combining the transfer function of the plant shown in equation (8) with the following transfer function of a PI controller plus a phase-lag compensator. This compensation is necessary to reduce the amplitude of the frequency response at the resonant frequency caused by the LC filter
where p K and i K are the proportional and integral gains, respectively, and cut ω is the pole modulus of the phase-lag compensator.
The resulting closed-loop transfer function is therefore 
( ) , i 100 K = and cut 300 ω = rad/s. Fig. 6 shows the root locus of the control implemented. It can be observed that the dominant poles are located at ( 150 j85.8 s= − ± ), and therefore, the dynamic response will be slower when compared to the GPI control scheme. It should be remarked that increasing the SRF-PI control bandwidth would lead to overshoots that could exceed the maximum allowed voltage in the protected load.
a) b) Fig. 6 . Root-locus plot for the designed SRF-PI control scheme (a) and Detail of the root-locus plot (b). Fig. 7 shows the Bode plot of the designed SRF-PI control scheme. 
V. SIMULATION RESULTS
In order to test the performance of both control strategies designed in the previous sections, extensive simulation results have been performed using PSCAD/EMTDC. The test system implemented is shown in Fig. 8 . It consists of two linear loads connected to the PCC: an induction motor and a sensitive load consisting in a three-phase starconnected RL load, which is protected by the DVR. The DVR is composed by three H-bridge-topology converters, a coupling transformer and an output capacitor. The dc voltage of the VSC was set to 600 V. The most relevant parameters used in simulations are summarized in Table I . The DVR is always protecting the sensitive load with the following sequence of events: from 0 1s t = .
to 0 3 s t = .
a 20% imbalanced voltage sag takes place as a consequence of a short-circuit fault at the PCC involving phases A and C. The squirrel-cage induction motor is started at 0 4 s t = . , which produces a balanced voltage-sag at the PCC. The simulation finishes at 0 6 s . .
The three line-to-neutral voltages measured in the PCC when the imbalanced voltage sag occurs are shown in Fig. 9 . to 0 13 s t = .
. Fig. 10 and Fig. 11 show the line-to-neutral voltages measured in the sensitive load obtained with the SRF-GPI control and the SRF-PI control, respectively, and the reference voltages that should be tracked by the control. It can be seen that both control strategies ameliorate the imbalanced voltage sag, but the transient response of the SRF-GPI control is faster when compared to the response obtained by the SRF-PI controller. Moreover, the accuracy of the SRF-GPI control scheme is better in steady state.
The performance of both control systems in case of a balanced voltage sag from t=0.39 s to t=0.43 s is shown in Fig. 12 . As it is shown, both controllers exhibit an excellent reference tracking when the balanced voltage sag occurs. It should be remarked that the SRF-PI control performs better when compared to the imbalanced case.
The last test carried out shows the behavior of both control strategies when the grid frequency experiences a 10% reduction from its nominal value, i.e. from 50 Hz to 45 Hz. As shown in Fig. 13 , both control schemes are able to ameliorate the imbalanced voltage sag. However, it is important to emphasize that again the behavior of the SRF-GPI control scheme overcomes the performance obtained with the SRF-PI controller. Table II summarizes the 5% settling time of both control schemes for the different cases simulated. It is noteworthy that the settling time in each case depends not only on the dynamic response of the designed controllers and the filter, but also on the transient of the voltage-sag to be compensated. It can be seen that the transient response of the SRF-GPI scheme is faster than the one obtained with the SRF-PI scheme. 
VI. CONCLUSIONS
In this paper, two control schemes implemented in a SRF for the compensation of balanced and imbalanced voltage sags using a DVR system are presented. Both control strategies use a unity feedforward action and are implemented in a SRF. The SRF-GPI control uses a feedback loop with a GPI controller, while the SRF-PI control is based on a feedback loop with a conventional PI controller. An extensive comparison of the performance of both control methods for balanced and imbalanced voltage sags, including frequency deviations, is carried out in PSCAD/EMTDC. The results show that the performance achieved with the SRF-GPI controller is superior to the one obtained with the widely used SRF-PI controller in terms of dynamic response and steady-state accuracy, particularly when the voltage sag is imbalanced. Both methods provide a robust response to frequency deviations, being the performance of the SRF-GPI control scheme superior once again when compared to the results obtained with the SRF-PI control scheme.
